The results of empirical studies have revealed links between phytoplankton and bacterioplankton, such as the frequent correlation between chlorophyll a and bulk bacterial abundance and production. Nevertheless, little is known about possible links at the level of specific taxonomic groups. To investigate this issue, seawater microcosm experiments were performed in the northwestern Mediterranean Sea. Turbulence was used as a noninvasive means to induce phytoplankton blooms dominated by different algae. Microcosms exposed to turbulence became dominated by diatoms, while small phytoflagellates gained importance under still conditions. Denaturing gradient gel electrophoresis (DGGE) of 16S rRNA gene fragments showed that changes in phytoplankton community composition were followed by shifts in bacterioplankton community composition, both as changes in the presence or absence of distinct bacterial phylotypes and as differences in the relative abundance of ubiquitous phylotypes. Sequencing of DGGE bands showed that four Roseobacter phylotypes were present in all microcosms. The microcosms with a higher proportion of phytoflagellates were characterized by four phylotypes of the Bacteroidetes phylum: two affiliated with the family Cryomorphaceae and two with the family Flavobacteriaceae. Two other Flavobacteriaceae phylotypes were characteristic of the diatom-dominated microcosms, together with one Alphaproteobacteria phylotype (Roseobacter) and one Gammaproteobacteria phylotype (Methylophaga). Phylogenetic analyses of published Bacteroidetes 16S rRNA gene sequences confirmed that members of the Flavobacteriaceae are remarkably responsive to phytoplankton blooms, indicating these bacteria could be particularly important in the processing of organic matter during such events. Our data suggest that quantitative and qualitative differences in phytoplankton species composition may lead to pronounced differences in bacterioplankton species composition.
Studies of marine bacterioplankton diversity have provided a comprehensive inventory of the major groups of bacteria frequently observed in the water column (17, 22) . Despite this, factors that determine the abundance of these bacteria remain relatively unknown. Factors strongly correlated with bulk bacterioplankton growth and abundance would be expected to be important in determining the success of different groups and species of bacteria. One such factor is phytoplankton biomass, which is frequently estimated as the concentration of chlorophyll a (Chl a) (6, 8) . The concentration of Chl a is a widely used reference variable for planktonic life in aquatic environments, and the distribution of marine bacterial populations is frequently reported in relation to the spatial and temporal distribution of Chl a (18, 50, 68) . However, it appears likely that bacterial community composition is influenced not only by the Chl a concentration but also by the species composition of the algal assemblage (28, 51) . Phytoplankton community composition has a large impact on the survival and growth of organisms in the grazing food chain (36) . However, the importance of phytoplankton community composition for the struc-ture of the microbial food web in general, and bacterioplankton species composition in particular, is much less known.
Phytoplankton blooms dominated by diatoms typically occur in coastal seas and upwelling areas where currents bring nutrients to the photic zone. In temperate regions, spring diatom blooms typically occur when high nutrient concentrations coincide with increased solar irradiance. The species composition of algal blooms can be modified by variations in the stability of the water column. For example, extended periods of calm weather during summer may lead to blooms of dinoflagellates or filamentous cyanobacteria (3, 34) . During phytoplankton bloom senescence, bacterial abundance typically increases substantially, coupled with large increases in per-cell activity in hydrolytic enzyme activity and growth rates (66) . Few studies have investigated the composition of bacterioplankton assemblages in relation to naturally occurring or experimentally induced blooms of phytoplankton. However, it appears that changes in bacterial activity are associated with significant shifts in bacterioplankton species composition (48, 55) . Bacteria shown to increase in abundance during the decay of algal blooms belong to such different phylogenetic groups as the Bacteroidetes phylum and the Alpha-and Gammaproteobacteria (14, 55, 61, 72) . The ecology of marine representatives of these bacteria remains largely unknown. However, considering the ample phylogenetic diversity within each of these groups, it can be expected that they contain substantial physiological and metabolic variability. Thus, insights into factors that contribute to the success of defined groups of bacteria will increase un-derstanding of marine microbial processes. Comparative analysis of the growth response of particular bacteria during algal blooms dominated by different algae or blooms occurring in different seas could provide a means to decipher the ecological roles of these bacteria.
Theoretical considerations based on hydrodynamics and diffusion rates indicate that turbulence can significantly increase the flow of nutrients to algal cells larger than 60 m (27) . The formation of chains by algae may cause an additional increase in the rate of diffusion to algal cells in turbulent water. Furthermore, turbulence may contribute to maintaining in suspension cells that would otherwise sink. Thus, it is expected that both large or chain-forming phytoplankton may be favored under turbulent conditions, while small motile phytoplankton would dominate under still conditions. Indeed, nutrient enrichment experiments with seawater incubated under different mixing regimens show that, other things being equal, turbulence results in phytoplankton assemblages dominated by diatoms larger than 50 m (1, 13) . In the same experiments, microcosms maintained under still conditions became dominated by small phytoflagellates (diameters of Ͻ20 m). Bacteria, on the other hand, are too small to be directly affected by naturally occurring levels of turbulence (35) . However, turbulence may indirectly cause changes in bacterial abundance, gross bacterial production, and bacterial cell morphology through food web interactions in the plankton community (38, 40, 46) . Such interactions include turbulence-induced shifts in grazing pressure on phytoplankton and bacteria (46, 57) . It has therefore been speculated that turbulence could indirectly modify the structure of the bacterial assemblage in the upper water column of the sea (40) ,
Given that turbulence has a significant impact on phytoplankton community composition, we set out to investigate whether such differences could be accompanied by comparable changes in the bacterioplankton assemblage. In the present study, microcosm phytoplankton blooms were induced by nutrient enrichment. Turbulent or still conditions were then used to induce phytoplankton assemblages dominated by different algae. In this way, manipulations to induce changes in phytoplankton were avoided that could otherwise also have had direct effects on the bacterioplankton species composition (e.g., addition of nutrients in different proportions or distinct algal inocula). Here we report on the growth of bacterioplankton assemblages in general, and on specific phylotypes in particular, under different phytoplankton regimens induced by turbulence. Furthermore, as a way to identify general patterns in the occurrence of bacterial phylotypes under different phytoplankton bloom conditions, we expanded our analysis and compared the identities of bacterial phylotypes in our experiments to the identities of bacteria found during phytoplankton blooms in previously published studies.
MATERIALS AND METHODS
Sampling and experimental design. Three experiments were performed with samples of surface water. The water samples were from the northwestern Mediterranean Sea collected 1 km offshore from the Catalan coast at Masnou (41°28ЈN, 2°18ЈE, 20 km north of Barcelona, Spain). The water samples were collected from a depth of 0.5 m.
Control experiment without phytoplankton. On 4 November 2002, seawater was collected for a dilution culture experiment to monitor the growth of bacteria under turbulent and still conditions without other components of the microbial community. For each culture, approximately 4.5 liters of sampled water to be used as growth medium was filtered through a 0.2 m-pore-size filter (Sterivex; Millipore) using a peristaltic pump. A total of 500 ml of inoculum, prepared by gravity filtration of sampled water through 47-mm-diameter, 0.8-m-pore-size filters (Nuclepore), was added to each culture to give a 10-fold dilution. Duplicate cultures were maintained under still (S a and S b ) and turbulent (T a and T b ) conditions in an environmental chamber at 17°C Ϯ 1°C (in situ temperature) under a 12-h light/12-h dark cycle and a light irradiance of 225 mol of photons m Ϫ2 s Ϫ1 . Cultures were maintained in 15-liter Plexiglas cylinders (24.2-cm inner diameter and 34.5-cm depth). Small-scale turbulence was generated by vertically oscillating grids, with a mesh size of 1.42 cm and bar thickness of 0.38 cm. The grid moved down to 1 cm from the bottom. The stroke length was 9 cm, and the oscillation frequency was set at 4.6 rpm. This gave an estimated energy dissipation rate of 0.050 cm 2 s Ϫ3 (45) . This is within the range of turbulence intensities in surface waters in coastal areas with moderate winds (29) . All material in contact with the samples was rinsed with 1 M hydrochloric acid and extensively washed with MilliQ-water prior to use. The cultures received nitrogen (NaNO 3 ), phosphorus (Na 2 HPO 4 ), and silicon (NaSiO 3 ), added to final concentrations of 16, 1, and 30 M, respectively. Bacterial growth in the dilution cultures was monitored for 4 days.
Phytoplankton bloom experiment 1. Seawater was collected on 30 April 2001. For each microcosm, 15 liters of seawater was filtered through a 150-m-mesh net in order to remove large zooplankton and enclosed in eight Plexiglas cylinders (see above) within 3 h after sampling. The experiment was performed in an environmental chamber at 15°C Ϯ 1°C (in situ temperature) under the same irradiance as in the above experiment. Inorganic nutrients consisting of N (NaNO 3 ), P (Na 2 HPO 4 ), and Si (NaSiO 3 ) were added to final concentrations of 16, 1, and 30 M, respectively. Microcosms received nutrients either by a single batch addition on day 0 (S B and T B ) or by daily additions (S D and T D ). Daily additions consisted of N, P, and Si to final concentrations of 2, 0.12, and 3.75 M, respectively. Duplicates of each treatment were maintained under still (S) or turbulent (T) conditions until day 6, and one microcosm for each treatment was maintained until day 8. Small-scale turbulence was generated by vertically oscillating grids (see above), with a stroke length of 20 cm and an oscillation frequency of 3.75 rpm, giving an energy dissipation rate of 0.055 cm 2 s Ϫ3 . When the volume of water decreased due to sampling, the stroke length was corrected to maintain the initial energy dissipation rate. The final volume in the containers at the end of the experiment was approximately 5 liters.
Phytoplankton bloom experiment 2. Seawater samples collected on 29 April 2002 were used in an experiment with an experimental design similar to that of phytoplankton bloom experiment 1. Microcosms were enriched with different concentrations of nutrients in this experiment. Control microcosms without nutrient additions were maintained under still or turbulent conditions (S 0 and T 0 ). Enriched microcosms all received P (Na 2 HPO 4 ), and Si (NaSiO 3 ) at final concentrations of 1 and 30 M, respectively, while the concentration of N (NaNO 3 ) was varied between 16 M (S 16 and T 16 ) and 24 M (S 24 and T 24 ). Microcosms were incubated for 4 days at 15°C under a 12-h light/12-h dark cycle and irradiance as in previous experiments.
Nutrients and Chl a. Initial concentrations of total inorganic N, PO 4 , and Si before nutrient addition in our experiments were Յ0.78, 0.09, and 0.20 M, respectively. These concentrations were low compared to the nutrient concentrations added: the additions of P corresponded to maximum values after water column mixing in winter, and N was added in Redfield ratio to P. Silica was added in excess to avoid Si limitation during the experiments. The Chl a concentration was estimated fluorometrically from 20-ml samples filtered through Whatman GF/F filters. The filters were ground in 90% acetone and left in the dark at room temperature for at least 2 h. The fluorescence of the extract was measured with a Turner Designs fluorometer.
Microplankton enumeration and biomass calculation. Samples for determination of microplankton biomass (i.e., phytoplankton and heterotrophic dinoflagellates and ciliates) in phytoplankton bloom experiment 1 were collected on day 6. In addition, heterotrophic dinoflagellates and ciliates were quantified in detail on a daily basis throughout the experiment. Abundance and biomass of heterotrophic and phototrophic dinoflagellates was determined as previously described (24) . Samples were fixed with 2% glutaraldehyde (final concentration), which gave the cells a greenish color under blue fluorescence, and filtered onto black 0.8-m-pore-size black polycarbonate filters. The filters were frozen on the sampling day and stored at Ϫ20°C to preserve Chl a autofluorescence, and the microplankton were counted within 6 months by epifluorescence microscopy at a magnification of ϫ600 or ϫ1,000. The dinoflagellates were assigned to eight groups according to their size and taxonomic relationships. Samples of microplankton other than dinoflagellates were fixed in formaldehyde buffered with hexamine (0.4% final concentration; pH 7.2). These microplankton were exam-6754 PINHASSI ET AL. APPL. ENVIRON. MICROBIOL. ined using inverted microscopy and were assigned to nine groups according to their size and taxonomic relationships by the method of Havskum and Hansen (24) . At least 100 cells of each group were counted, and cell volumes were calculated from the average cell dimensions of 50 cells in each group. The dimensions of naked flagellates and ciliates were multiplied by a factor of 1.1 to compensate for shrinkage due to fixation. Cell volume was converted to cell carbon using a conversion factor of 0.13 pg of C m Ϫ3 for thecate dinoflagellates and 0.11 pg of C m Ϫ3 for other flagellates and ciliates. Diatom cell carbon was calculated from cell volume after subtracting the vacuole volume, assuming a plasma layer thickness of 2 m, and the remaining volume was converted to carbon content using conversion factor 0.11 pg of C m Ϫ3 (conversion factors used by Havskum and Hansen [24] ). Bacterial heterotrophic production and abundance. Bacterial heterotrophic production was measured in phytoplankton bloom experiment 1, using [ 3 H]leucine incorporation with the microcentrifuge protocol (65) . For each sample, triplicate aliquots (1.2 ml) and a trichloroacetic acid-killed control were incubated with 20 nM [ 3 H]leucine (final concentration) for 1 to 2 h at 15 or 17°C. The theoretical conversion factor of 3.1 kg of C mol Ϫ1 was used to convert leucine incorporation rates to bacterial carbon production.
In the control experiment, bacterial abundance was determined by epifluorescence microscopy. Samples were preserved with glutaraldehyde (filtered through a 0.2-m-pore-size filter) (final concentration, 1% [wt/vol]) and were counted within 48 h. Bacteria were stained with a final concentration of 5 g of 4Ј,6diamidino-2-phenylindole (DAPI) ml Ϫ1 for 10 min and filtered onto black 0.2 m-pore-size polycarbonate filters at a pressure of 100 to 200 mm Hg (52) .
In the phytoplankton bloom experiments, bacterial abundance was determined by flow cytometry. Samples were preserved with a mixture of 1% paraformaldehyde and 0.05% glutaraldehyde (final concentrations) and stored frozen at Ϫ70°C. Cell counts were done with a Becton Dickinson FACSCalibur flow cytometer after the cells were stained with Syto13 at a final concentration of 5 M (16).
Ectoenzymatic activity. Hydrolytic ectoenzyme activity was determined using fluorogenic substrates by the method of Sala et al. (58) . The activities of ␣and ␤-glucosidase were assayed as the hydrolysis rate of methylumbelliferone (MUF)-␣-D-glucoside and 4-MUF-␤-D-glucoside, respectively. Alkaline phosphatase was assayed using 4-MUF-phosphate. Aminopeptidase was assayed using leucine 7-amido-4-methylcoumarin. Briefly, 0.9 ml of a sample was incubated with substrate (final concentration, 0.1 mM) for 60-to 90-min incubation in the dark at room temperature. The increase of fluorescence during incubation was measured with a spectrofluorometer (Shimadzu RF-540) with 365-nm-wavelength excitation and 446-nm-wavelength emission radiation. Fluorescence was transformed into activity units using a standard curve of the end product of the reaction: 4-MUF was used for ␣-glucosidase, ␤-glucosidase, and alkaline phosphatase, and 7-amino-4-methylcoumarin was used for aminopeptidase.
Collection of microbial community DNA and extraction procedure. For extraction of community DNA, microbial biomass from approximately 700 ml of seawater was collected onto 0.2-m-pore-size polycarbonate filters (Durapore; Millipore) by vacuum filtration at Յ150 mm Hg. Filters were stored frozen at Ϫ70°C in sucrose buffer (0.75 M sucrose, 40 mM EDTA, 50 mM Tris [pH 8.3]). In phytoplankton bloom experiment 1, samples for community DNA were collected at the beginning of the experiment (day 0) and on every second day until day 8. In the other experiments, samples were collected at the beginning and end (day 4). DNA was extracted as previously described (63) . Briefly, cells were treated with lysozyme, proteinase K, and sodium dodecyl sulfate followed by phenol-chloroform-isoamyl alcohol extraction. Extracted DNA was desalted and concentrated using a Centricon-100 filter device (Millipore).
PCR and denaturing gradient gel electrophoresis (DGGE). A 16S rRNA gene fragment (approximately 550 bp long) was amplified by PCR, using the bacterium-specific primer 358f (5Ј-CGCCCGCCGCGCGCGGCGGGCGGGGCGGG GGCACGGGGGGCCTACGGGAGGCAGCAG) that is complementary to positions 341 to 358 (Escherichia coli numbering) and has a GC clamp (underlined) and the universal primer 907rm [5Ј-CCGTCAATTC(A/C)TTTGAGTTT] that is complementary to positions 927 to 907. The reaction mixture volumes were 50 l, containing 10 ng of template, 200 M concentration of each deoxynucleoside triphosphate, standard 1ϫ PCR buffer, 1.5 mM MgCl 2 , 0.3 M concentration of each primer, 200 g of bovine serum albumin, and 1 U of Taq polymerase (GIBCO BRL). After an initial denaturation step (5 min at 94°C), samples were amplified with 10 touchdown cycles, with 1 cycle consisting of denaturation (1 min at 94°C), annealing (1 min at 65 to 55°C [temperature of 65°C in the first cycle, with the temperature decreasing 1°C each cycle and ending at 55°C in the last cycle]), and extension (3 min at 72°C). This was followed by 20 standard cycles, with 1 cycle consisting of denaturation (1 min at 94°C), annealing (1 min at 55°C), and extension (3 min at 72°C), and a final extension step (7 min at 72°C). PCR products were quantified by agarose gel electrophoresis with a molecular size standard in the gel (Low DNA Mass ladder; GIBCO BRL).
A total of 800 ng of PCR product for each sample was loaded on a 6% (wt/vol) polyacrylamide gel (acrylamide and N,NЈ-methylene bisacrylamide at a ratio of 37:1) with a denaturing gradient that ranged from 40 to 80% (where 100% is defined as 7 M urea and 40% deionized formamide). Electrophoresis was performed with a DGGE-2000 system (CBS Scientific Company). The gel was run at 100 V for 16 h at 60°C in 1ϫ TAE running buffer (40 mM Tris [pH 7.4], 20 mM sodium acetate, 1 mM EDTA). The gel was stained with the nucleic acid stain SYBR Gold (1:10,000 dilution; Molecular Probes) for 45 min, rinsed with 1ϫ TAE running buffer, removed from the glass plate to a UV transparent gel scoop, and visualized with UV in a Fluor-S MultiImager (Bio-Rad) with the Multi-Analyst software (Bio-Rad).
Bacterial assemblage DGGE fingerprints of samples collected during phytoplankton bloom experiment 1 were used to generate a dendrogram using the Diversity Database software (Bio-Rad), applying Jaccard coefficients, Euclidean square distances, and unweighted paired group means analysis (gel image not shown). A complementary DGGE gel from this experiment was prepared to visualize details in the structure of the bacterial assemblage from days 4 to 8.
In our hands, repeated PCR and DGGE analyses consistently yielded the same banding patterns and nearly identical band intensities. The methodological limitations of the approach using PCR amplification and DGGE analysis have been discussed extensively elsewhere (33, 42, 63) . The approach gives an estimate of microbial community structure in a semiquantitative manner, with variations in the banding pattern of samples indicating relative changes in the microbial community, rather than changes in the absolute abundance of particular taxa. Thus, this approach may be indicative of possible changes in bacterial community structure in response to different experimental conditions.
Sequencing of DGGE bands. DGGE bands were excised using a sterile razor blade and eluted in 20 l of MilliQ water overnight at 4°C, followed by a freeze-thaw cycle. A total of 5 l of the eluate was used for reamplification with the original primer set. A portion of the PCR product was analyzed by DGGE together with the original sample to verify the correct position of the band, and in cases where more than one band was present, the target band was processed again as described above. PCR products were purified with the QIAquick PCR purification kit (QIAGEN) and quantified in an agarose gel. Ten to 20 ng of the PCR product was used for the sequencing reaction, using primer 358f without the GC clamp, with the BigDye terminator cycle-sequencing kit (Perkin-Elmer Corporation) and an ABI PRISM model 377 (v3.3) automated sequencer (performed by QIAGEN GmbH Sequencing Services).
Phylogenetic analyses. Our 16S rRNA gene sequences were compared to existing prokaryotic sequences in GenBank (National Center for Biotechnology Information) using BLAST. Comparison of BLAST results from database searches with different regions of the sequences showed that our sequences were not chimeras. Sequences were aligned using the Pileup command in the Wisconsin Package (also called GCG package) (version 9.1; Genetics Computer Group [GCG], Madison, Wis). Phylotypes that were present in 50% or more of the samples from either the still or turbulent microcosms and that showed double or greater relative intensity in the DGGE fingerprints in one mixing regimen were considered characteristic for the treatment.
A phylogenetic tree of our 16S rRNA gene sequences was constructed using Jukes-Cantor distances with the PHYLIP package (version 3.5) (15). The tree was calculated from sequences corresponding to approximately nucleotide positions 500 to 900 (E. coli numbering) and rooted with an actinomycete as an outgroup. Sequences from representative type species of currently described genera in the Bacteroidetes phylum were included as references. Sequences deposited in GenBank from isolates and phylotypes of Bacteroidetes from previous studies of bacterioplankton species composition during natural or experimental marine algal blooms were also included in the phylogenetic tree.
Published Bacteroidetes 16S rRNA gene sequences that were derived from algal blooms and that did not overlap sufficiently with our sequences to yield a phylogenetic tree with reliable branching order were included in complementary phylogenetic trees (data not shown). These phylogenetic trees also included the Bacteroidetes reference sequences and encompassed nucleotides between approximately nucleotide positions 50 to 500 or 350 to 500 (E. coli numbering). The phylogenetic affiliations obtained from the phylogenetic trees were verified by BLAST searches with the search string limited by the terms "bacteria[ORGN] AND sp nov[WORD]" to reveal the closest matching characterized bacterial species. Pair-wise sequence comparisons were performed using the BestFit command in the GCG package. The results of our phylogenetic analyses consistently agreed with those presented in the original publications. VOL. 70, 2004 BACTERIOPLANKTON COMPOSITION DURING ALGAL BLOOMS 6755
RESULTS
Control experiment without phytoplankton. A dilution culture experiment, in which bacteria were grown in the absence of other components of the microbial community, was performed to determine whether turbulence per se could affect the structure of the bacterioplankton assemblage. The experiment lasted 4 days to avoid the growth of heterotrophic flagellates that might not have been eliminated by filtration of the inoculum and because bacterial abundance had increased substantially in 4 days.
Initial bacterial abundance in the seawater cultures was 0.2 ϫ 10 6 cells ml Ϫ1 . After 4 days of incubation, bacterial abundance had increased 10-fold to ca. 4.4 ϫ 10 6 and 2.3 ϫ 10 6 cells ml Ϫ1 in the turbulent (T a and T b ) and still cultures (S a and S b ), respectively (Fig. 1A) .
The structure of the bacterial assemblage in all seawater cultures changed substantially and in a similar way from day 0 (initial sample) until day 4 (final sample). In the final samples, the same 21 bands were detected in both the turbulent and still cultures ( Fig. 1B ). Only minor differences in relative band intensity between the two treatments were observed.
Phytoplankton bloom experiment 1. Phytoplankton bloom experiment 1 was performed to study the response of the bacterioplankton species composition to different mixing regimens in the presence of the entire microbial community. The experiment lasted 8 days to allow sampling both during the induced phytoplankton blooms and their decay.
The initial Chl a concentrations were 1.5 g liter Ϫ1 . Chl a concentrations in the turbulent microcosms (T B and T D ) peaked at approximately 25 g liter Ϫ1 on day 5 ( Fig. 2A ) and then fell to below 10 g liter Ϫ1 by day 8. Chl a concentrations in the still microcosms increased more slowly and reached 8 or 4 g liter Ϫ1 in the microcosms with a single batch addition of nutrients (S B ) or with daily nutrient additions (S D ), respectively.
During the phytoplankton bloom, the chain-forming diatom Chaetoceros socialis (cell length, 8 m; chain lengths up to a few millimeters) dominated the phytoplankton biomass in the turbulent microcosms, with a significant contribution also by Pseudonitzschia sp. and other diatoms ( Table 1 ). These diatoms together reached a biomass of ca. 100 g of C liter Ϫ1 in the microcosms exposed to turbulence (approximately 90% of the total algal biomass). In the still microcosms, the diatom biomass was 10-fold lower than that in the turbulent microcosms. The biomass of phytoflagellates (i.e., cells Ͻ10 m long, mostly prasinophytes and haptophytes) was approximately 5 to 10 g of C liter Ϫ1 in all microcosms. Thus, in the turbulent microcosms, the biomass ratio of phytoflagellates to diatoms was ca. 0.08, while in the still microcosms, the ratios were 0.37 and 0.62.
Microzooplankton reached nearly 10-fold-higher biomass in the turbulent microcosms compared to the biomass of the still microcosms (Table 1) . On day 6, a tintinnid ciliate biomass of up to 19 g of C liter Ϫ1 was observed in the turbulent microcosms, and the biomass of the heterotrophic dinoflagellate Protoperidinium bipes was around 3 g of C liter Ϫ1 . Daily measurements of the biomass of P. bipes during the experiment showed that it increased from an initial biomass below detection to 5.54 g of C liter Ϫ1 on day 8 in the microcosms exposed to turbulence. Observation of live samples from the microcosms showed that P. bipes was actively feeding on cells of Pseudonitzschia sp. (H. Havskum, unpublished data). In the still microcosms, the biomass of heterotrophic dinoflagellates was slightly higher than the biomass of heterotrophic ciliates.
Heterotrophic bacterial production showed an initial peak on day 2. Starting on day 4, heterotrophic bacterial production increased again in all microcosms and reached approximately 200 g of C liter Ϫ1 day Ϫ1 toward the end of the experiment (Fig. 2B ). Lower bacterial production and abundance was observed in the S B microcosms from day 6 on. Cell-specific carbon production rates ranged from 20 to 89 fg of C cell Ϫ1 day Ϫ1 in the still microcosms and 18 to 50 fg of C cell Ϫ1 day Ϫ1 in the turbulent microcosms, with the highest values from days 4 to 6.
The dynamics of bacterial abundance was similar to that of bacterial production, with an initial peak on day 2, followed by 
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PINHASSI ET AL. APPL. ENVIRON. MICROBIOL. a period of decreasing abundance (Fig. 2C) . Thereafter, the abundance increased again from day 5 on. On day 8, the highest abundance of bacteria was recorded in the T B microcosm (1.3 ϫ 10 7 cells ml Ϫ1 ) and the lowest abundance was observed in the S B microcosm (2.5 ϫ 10 6 cells ml Ϫ1 ). The activities of alpha-and beta-glucosidase, aminopeptidase, and alkaline phosphatase remained low for the first 4 days. From day 5 on, enzyme activities increased nearly 20-fold in the turbulent microcosms and 5-to 10-fold in the still microcosms, concomitant with the peak and decay of the phytoplankton blooms (Fig. 3, left panels) . The highest activities were recorded for aminopeptidase (up to 1.0 ϫ 10 4 mol liter Ϫ1 h Ϫ1 ) and alkaline phosphatase (up to 3.3 ϫ 10 3 mol liter Ϫ1 h Ϫ1 ). Bacterial cell-specific hydrolysis rates of alphaand beta-glucosidase and aminopeptidase peaked midway through the experiment at values that were 5-to 10-fold higher than the initial rates ( Fig. 3, right panels) . A peak in alkaline phosphatase activity normalized to bacterial abundance was observed on day 5 after an increase of more than 20-fold.
When normalized to total microbial biomass, including phytoplankton, alkaline phosphatase activity showed a ninefold increase during the last 4 days of the experiment (Fig. 3, insert) . DGGE analysis of samples from days 0 to 8 revealed between 11 and 20 bands in each sample, with a total of 32 different bands (data not shown). Cluster analysis of the DGGE banding patterns from the microcosms indicated that gradual changes in the composition of the bacterial assemblages occurred during the experiment both with and without turbulence ( Fig. 4) . At first, bacterioplankton composition was relatively similar, as indicated by the tight clustering of the initial and day 2 samples from all microcosms. A clear division of still and turbulent samples in separate clusters was found from day 4 on for the microcosms with a batch addition of nutrients (T B and S B ) and from day 6 on for the microcosms with daily nutrient additions (T D and S D ). DGGE analysis showed that the structure of the bacterial assemblage in duplicate microcosms that were maintained until day 6 was highly reproducible (data not shown). The DGGE gel image of the bacterial assemblages in the microcosms from days 4 to 8 and the excised bands that were sequenced are shown in Fig. 5 .
The phylotypes that were abundant during the experiment were mainly affiliated with bacteria in the Bacteroidetes phylum and the Roseobacter group in the Alphaproteobacteria (Fig. 5 and Table 2 ). The phylogenetic affiliations of Bacteroidetes phylotypes detected in the microcosms are presented in Fig. 6 .
All four phylotypes unique to or mainly found in the still microcosms belonged to the Bacteroidetes (Fig. 5 and Table 2 ). The phylotypes MED-S1, -S2, and -S4 were absent in the initial samples and appeared from day 4 on. MED-S1 clustered with members of the family Flavobacteriaceae but was only distantly related to previously reported sequences. The very intense band in the still microcosms corresponding to phylotype MED-S2 was affiliated with bacteria in the genus Tenacibaculum in the Flavobacteriaceae (Fig. 6 ). This phylotype showed high sequence similarity to clone CF10 obtained from a 16S rRNA gene clone library from water collected from the Delaware estuary (31) . Phylotype MED-S4 showed low sequence similarities (Ͻ90%) to previously reported bacteria in the family Cryomorphaceae. Phylotype MED-S5, which was present in the initial sample, was maintained in the still microcosms but disappeared with turbulent conditions. This phylotype was related to bacteria in the newly described genus Brumimicrobium in the Cryomorphaceae (7) . Furthermore, MED-S5 was closely related to a phylotype associated with the diatom Dytilum brightwellii from the Gulf of Mexico (60) . The DGGE band MED-S3 showed high similarity to a chloroplast sequence of the diatom Chaetoceros socialis (the dominant algal species during the experiment). The bacterial assemblages in the turbulent microcosms were characterized by two phylotypes affiliated with bacteria in the Bacteroidetes phylum (MED-T6 and -T7), one Gammaproteobacteria phylotype (MED-T8), and a Roseobacter phylotype (MED-T9) ( Fig. 5 and Table 2 ). The MED-T6 phylotype was present in the initial samples and was maintained in turbulent microcosms, while it disappeared in the still microcosms. MED-T6 showed a sequence similarity of 96.6% to the MED-S2 phylotype that was dominant in the still microcosms, Bands that were cut from the gel and sequenced are indicated by their codes at the sides of the gel. Bands with S or T prefix, followed by band number, denote phylotypes mainly found in the still or turbulent microcosms, respectively. Bands with ST prefix, followed by band number, indicate ubiquitous phylotypes. All bands in Table 2 were given the prefix MED. The sampling time is shown in days (d).
VOL. 70, 2004 BACTERIOPLANKTON COMPOSITION DURING ALGAL BLOOMS 6759 and both probably represent separate species in the genus Tenacibaculum (Fig. 6 ). MED-T7 appeared as a novel phylotype in the microcosms exposed to turbulence. It clustered with members of the genera Cellulophaga and Zobellia in the Flavobacteriaceae, but the relatively low sequence similarity indicated that this phylotype may represent a novel genus. MED-T8 was affiliated with methylotrophic Gammaproteobacteria able to process methylated sulfur compounds. MED-T9 was 96.5% similar to Roseobacter litoralis and showed Ͼ96% sequence similarity to many bacterial isolates and sequences from 16S rRNA gene clone libraries from various seas. At least four different Roseobacter group phylotypes (MED-ST10, -ST11, -ST12, and -ST13) were members of the microcosm bacterial assemblages independent of mixing regimen (Fig. 5 ). The sequence similarity among these phylotypes was Ͼ94.5%. The sequence similarity among all members affiliated with the Roseobacter group is Ն90% (21), indicating that a limited subset of this group was present in our experiment. MED-ST10 and -ST13 were new phylotypes that appeared in both the still and turbulent microcosms. MED-ST11 and -ST12 were present in the initial samples and were maintained in all microcosms throughout the experiment. MED-ST11 was identical to clone NAC11-3 found in the North Atlantic (21) , and it was 96.7% similar to an isolate that was abundant in unenriched seawater cultures from the Red Sea (49) . MED-ST13 was closely related to the taxonomically defined species Roseobacter gallaeciensis.
Phytoplankton bloom experiment 2. Phytoplankton bloom experiment 2 was performed to verify that the different bacterioplankton species compositions during phytoplankton blooms generated under turbulent and still conditions were reproducible. The experiment lasted 4 days, since the phytoplankton blooms evolved faster than in phytoplankton bloom experiment 1.
Initial Chl a concentrations were 3 g liter Ϫ1 in all microcosms (Fig. 7A) . Peaks in Chl a concentrations were reached on day 2 in the enriched microcosms. The highest Chl a concentrations, 24 g liter Ϫ1 , were observed in the turbulent microcosms (T 16 and T 24 ). Chl a concentrations in the still microcosms (S 16 and S 24 ) on day 2 peaked at 16 g liter Ϫ1 . Chl a in the unenriched microcosms (T 0 and S 0 ) remained around 3 g liter Ϫ1 during the experiment.
Initial bacterial abundance in the microcosms was 1.8 ϫ 10 6 cells ml Ϫ1 (Fig. 7B ). After 24 h, bacteria declined from 1.5 ϫ 10 6 to 2.0 ϫ 10 6 cells ml Ϫ1 to 0.5 to 0.7 ϫ 10 6 cells ml Ϫ1 . Bacteria remained low until day 4, when the abundance in all microcosms increased to approximately 1.1 ϫ 10 6 cells ml Ϫ1 . DGGE analysis indicated the presence of 15 to 17 phylotypes in each of the microcosms, with a total of 25 different bands (Fig. 7C ). In the microcosms exposed to turbulence (T 16 and T 24 ), a very strong band was located in the upper part of the gel, while nine bands with similar and low intensities were found in the lower part of the gel. In the still microcosms (S 16 and S 24 ), four bands were visible in the upper part of the gel (Fig. 7C ). In these samples, seven bands identical to those in the turbulent microcosms were visible in the lower part of the gel, two of which were relatively intense. The DGGE gel patterns from the microcosms without nutrient addition (S 0 and T 0 ) showed some similarities to those from the enriched still microcosms, containing several bands in the upper region of the gel, and a higher intensity of some of the multiple bands in the lower part of the gel (Fig. 7C ).
DISCUSSION
Both theoretical and empirical evidence indicate that the growth of marine bacterioplankton is mostly unaffected by turbulence (27, 40, 46) . This is mainly due to the small size of FIG. 6. Phylogenetic tree depicting relationships among partial 16S rRNA gene sequences of Bacteroidetes phylotypes detected during phytoplankton bloom experiment 1 (shown in boldface type) compared to type species of representative genera in the phylum. The approximate position of phylotype MED-S4 is indicated by the short boldface broken line; the sequence was not included in the alignment due to its shorter length. Phylotypes found in natural and experimental algal blooms in previous articles are also included. Phylotype codes are as follows: S and T (this paper), AY and BY (61), AWS (72), BB (5), and DI (J. Pinhassi, unpublished data). Phylotype and isolate names are followed by their GenBank accession number. The scale bar depicts 0.1 substitution per nucleotide position.
VOL. 70, 2004 BACTERIOPLANKTON COMPOSITION DURING ALGAL BLOOMS 6761 bacteria, which precludes significant gains in bacterial nutrient uptake even with relatively high turbulence. Our control experiment without phytoplankton confirmed that the structures of the bacterial assemblages growing under turbulent or still conditions were generally similar. Nevertheless, some differences in bacterial abundance were observed, similar to those found in a recent freshwater study (2) . Many phytoplankton groups, however, are sufficiently large to be directly affected by turbulence, and the mixing regimen plays an important role in structuring phytoplankton communities (1, 3, 13, 23) . In accordance with previous studies (1, 13) , we found that diatoms and phytoflagellates increased their share of the total phytoplankton biomass under turbulent and still conditions, respectively. Although the direct effect of turbulence on bacteria is limited, significant effects of turbulence on gross bacterial production and abundance are observed in the presence of phytoplankton (38, 40, 46) . Here we show that changes in the phytoplankton composition between microcosms maintained under turbulent or still conditions were paralleled by shifts in the composition of the bacterial community. The differences in bacterioplankton were apparent from both the appearance and disappearance of unique phylotypes and changes in the relative abundance (i.e., band intensity) of ubiquitous phylotypes. This implies that changes in phytoplankton community composition and other subsequent associated changes in the microbial food web caused the differences in the bacterioplankton species composition. Our results support previous speculations that the composition of algal assemblages is an important factor in determining the development of different bacterial populations in waters with contrasting phytoplankton (28, 51) . Algal classes differ substantially in their biochemical composition, in terms of C/N/P ratios and in terms of relative proportions of cellular protein, fatty acids, and nucleic acids (53, 70) . Differences in the biochemical composition of dominant phytoplankton could cause differences in the stoichiometry of particulate and dissolved organic matter and in the availability of mineral nutrients in seawater, all of which could profoundly affect the growth of bacteria (37) . Studies of algal cultures, including diatoms and dinoflagellates, have suggested the existence of specific associations between phytoplankton and bacterioplankton species, possibly due to the differential release of organic matter from the algae (25, 60) . To this end, van Hannen et al. showed that enrichment of lake water continuous cultures with detritus from either a green alga or cyanobacterium resulted in the growth of different bacterial assemblages (71) . These findings are in agreement with general conclusions concerning the importance of the quality of the organic matter for bacterial community composition and activity (10, 11, 32, 48, 49) . This suggests the possibility of finding common patterns in the distribution of particular bacterial groups or species during blooms dominated by different phytoplankton.
Quantitative and qualitative differences in planktonic grazer populations have important consequences both for the pattern of nutrient regeneration and the release of dissolved organic matter. Furthermore, higher nutrient recycling rates resulting from increased grazing rates on phytoplankton under turbulent conditions have been suggested to affect bacterial growth, possibly in combination with decreased grazing rates on bacteria (46, 47) . We observed greater microzooplankton biomass in the microcosms dominated by diatoms (turbulent microcosms) than in the microcosms with a higher proportion of phytoflagellates (still microcosms). Moreover, ciliates accounted for a majority of the microzooplankton in the diatom blooms, while heterotrophic dinoflagellates were the dominant grazers in blooms with higher proportion of phytoflagellates. Thus, variation in substrate supply to bacteria due to differences in phytoplankton community composition could have been further amplified by different grazer assemblages. 16, 24 , and S 16, 24 ). Values are the means Ϯ standard deviations (error bars) of pooled data from the enriched microcosms. Community DNA was collected on day 0 (initial) and on day 4. Chl a concentration is shown in micrograms per liter. The sampling time is shown in days (d).
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A majority of the bacterial phylotypes identified in our study belonged to the Roseobacter group (Alphaproteobacteria) or the Bacteroidetes phylum. Phylotypes belonging to these groups had different patterns in our microcosms. Whereas most of the Roseobacter phylotypes were ubiquitous, pronounced differences were observed in the occurrence of Bacteroidetes phylotypes between the microcosms dominated by diatoms and those with a higher proportion of phytoflagellates. This could indicate that these bacterial groups responded to different stimuli in our experiments. Possibly, Roseobacter phylotypes represented a response to the nutrient additions, while the Bacteroidetes phylotypes were responding more to the turbulence-induced differences in the phytoplankton.
Bacteria in the Roseobacter group are widespread and abundant in the oceans and coastal areas of the world (20, 64) . Members of the Roseobacter group have 16S rRNA gene sequence similarities of Ն90% (21), and novel genera in this group are continuously being described. Many characteristics have been ascribed to the marine members of the Alphaproteobacteria. For example, they are important in mediating transformations of dimethylated sulfur compounds (41) , and members of the Roseobacter group have been suggested to be active colonizers of particles under algal bloom conditions (55) . Pinhassi and Berman (49) found that several Roseobacter species became dominant in cultures of unamended seawater collected from the oligotrophic eastern Mediterranean Sea and the Red Sea, suggesting that these bacteria are good competitors under low-nutrient conditions. Most of the Roseobacter phylotypes detected in the present study were found throughout our microcosms and were affiliated with different representatives of the group, such as Roseobacter gallaeciensis, Sulfitobacter pontiacus, and the Atlantic Ocean clone library sequence NAC11-3. The persistence and growth of a substantial subset of Roseobacter phylotypes in our microcosms may at first suggest that these are generalist bacteria. However, in a detailed study of a Roseobacter clade-affiliated cluster, which includes the clone NAC11-3, Selje et al. (64) described significant differences in the geographic distribution of phylotypes that differed by only a few base pairs in the 16S rRNA gene. Future comprehensive phylogenetic analyses and genome comparisons of members of the Roseobacter group will clarify whether the large variety of characteristics ascribed to these bacteria can be explained by a high degree of phenotypic differentiation by phylogenetically relatively closely related bacteria.
The Bacteroidetes phylum is highly diverse; at this time, it consists of 12 families and 79 described genera. Several of these taxa contain representatives from marine environments, documented by culture-independent techniques or by cultured isolates. Bacteria belonging to the Bacteroidetes are abundant in seawater (12, 19, 30) , and previous studies have emphasized their importance under algal bloom conditions (48, 55) . However, it remains unclear whether particular taxa within the Bacteroidetes are more commonly found than others in the marine environment (31, 44) and whether certain growth conditions selectively favor certain taxa in this phylum. Two phylotypes (MED-S4 and -S5) belonging to the family Cryomorphaceae were unique to the microcosms with a higher proportion of phytoflagellates, although they formed relatively faint bands on the DGGEs. The most intense bands in the upper region of the DGGE were identified as phylotypes belonging to the family Flavobacteriaceae. Two Flavobacteriaceae phylotypes (MED-S1 and -S2) were dominant in the microcosms with a higher proportion of phytoflagellates. Two other members of this family were dominant in the microcosms dominated by diatoms. These phylotypes, MED-T6 and -T7, were identical to the BY-65 and BY-66 phylotypes, respectively (Fig.  6) , which were originally detected in 1996 during a diatom bloom experiment performed 200 km northeast of the site of the present experiment (61) . This surprisingly consistent response to diatom bloom conditions of a few Flavobacteriaceae phylotypes in the Mediterranean Sea could indicate that some bacteria in this family harbor physiological or ecological traits that make them tightly coupled to diatom species.
Bacteria responding to experimental treatments in a single location may be particular to that location rather than representing general trends in the growth potential of different bacteria. Therefore, we extended our phylogenetic analysis to include 16S rRNA gene sequences of Bacteroidetes phylotypes and isolates from all published studies of marine bacterioplankton diversity associated with natural or experimental algal blooms ( Table 3 and Fig. 6 ). Our analyses showed that even though the Bacteroidetes phylum can be divided into at least 12 families, as much as 80% of the Bacteroidetes phylotypes in these studies (among a total of 63 sequences) belonged to one single family, the Flavobacteriaceae. In particular, phylotypes affiliated with the Tenacibaculum and Cellulophaga or Zobellia genera were frequently found. Other recurrently detected genera in this family included Chryseobacterium, Polaribacter, Gelidibacter, and Psychroserpens. Therefore, we suggest that members of the family Flavobacteriaceae represent bacterial populations that play particularly important roles during and after algal bloom events.
At this time, efforts are being made to revise the taxonomy of the Bacteroidetes phylum using phylogenetic analysis of the 16S rRNA gene. This has contributed to the recent redefinition of the family Flavobacteriaceae (4). As a consequence of this revision, bacteria previously named Cytophaga and found throughout the phylum have been renamed, and the type species of the genus Cytophaga is actually well separated from the Flavobacteriaceae. Bacteria in the Flavobacteriaceae have menaquinone 6 (MK-6) as a major respiratory quinone, and this family has therefore been called the marine MK-6 group (67). Suzuki et al. (67) observed that the members of Flavobacteriaceae in their study were unable to use nitrate or ammonium as nitrogen sources, indicating that they required an organic nitrogen source for growth. If confirmed, this observation would substantiate previous findings that bacteria in this group show a high growth capacity when dissolved proteins are abundant (9, 48) , which may contribute to explaining why bacteria in the family Flavobacteriaceae are recurrently found during the decay of algal blooms.
We have interpreted the changes in bacterioplankton species composition primarily as a consequence of the differences in dominant phytoplankton groups, which in turn were dependent on the mixing regimen. It is also possible that the total phytoplankton biomass played a role, since nearly three-to sevenfold-higher peaks in Chl a were recorded under turbulent conditions compared to still conditions. Even though the higher bacterial abundance in the final samples in the micro-VOL. 70, 2004 BACTERIOPLANKTON COMPOSITION DURING ALGAL BLOOMS 6763 cosms with pronounced diatom blooms could have resulted from the higher phytoplankton biomass achieved under turbulence, cell-specific bacterial growth rates and enzymatic activities reached relatively similar levels in all microcosms. Differences in the structure of the bacterial assemblage were also evident in our second bloom experiment, where peak Chl a concentrations were only 50% higher under turbulent conditions compared to still conditions. We note that studies of horizontal variability in bacterial community structure repeatedly find relatively similar bacterial assemblages over substantial distances despite apparent differences in Chl a concentrations (54, 56) . At the same time, considerable variability in bacterial diversity is commonly found with depth, which may depend largely on the stratification of phytoplankton populations (see reference 51 and references therein). For most of the year, the growth of bacteria in northwestern Mediterranean waters is primarily limited by the availability of P (59, 69). The first peak in bacterial production and abundance observed in phytoplankton bloom experiment 1 may therefore be interpreted as a direct effect of the addition of nutrients. The subsequent increase in bacterial production and abundance from day 5 on coincided with the peak and subsequent senescence of the algal blooms. Concomitantly, alphaand beta-glucosidase and aminopeptidase activities indicated an increase of nearly an order of magnitude or more in the rate of bacterial utilization of carbohydrates and protein. The increase in phosphatase activity could result from the depletion of inorganic phosphate (data not shown) coupled with increased availability of organically bound P. Monitoring bacterioplankton species composition during the experiment showed that the initial bacterial assemblage evolved into different final assemblages in the microcosms dominated by diatoms (turbulent microcosms) and in the microcosms with a greater proportion of phytoflagellates (still microcosms).
These findings corroborate previous results obtained primarily from mesocosm experiments with water collected off Scripps Pier, California (39, 48, 55) , which showed that changes in bacterial growth and activity during algal blooms were due mainly to shifts in bacterioplankton species composition.
Experimental phytoplankton bloom cycles usually take place within a week or two. The rapid shifts in bacterial activity and community composition during such experiments result from a rapid release of large quantities of organic matter and nutrients due to algal lysis and/or intense grazing during the decay phase of the blooms. Although sudden mass lysis of phytoplankton blooms in the sea has been reported (43), phytoplankton succession is mostly a gradual process, with changes taking place on a time scale of several weeks (23) . As a consequence, the opportunity for rapid shifts in bacterioplankton species composition could be limited by a relatively low supply rate of organic matter and/or inorganic nutrients to bacteria under natural algal bloom conditions. This could explain in part why the rate of seasonal succession in bacterioplankton is relatively slow (i.e., several weeks), despite the high growth potential of marine bacteria (50, 62) . Still, we find it likely that a sustained release of organic matter and nutrients by live algal cells or by grazers in the long term could profoundly influence the growth of particular bacterial populations, whether under algal bloom or nonbloom conditions. Thus, the greater length of time that natural phytoplankton blooms persist compared to that of experimental phytoplankton blooms could result in larger differences in the bacterioplankton species associated with natural than with experimental blooms.
We have shown that changes in phytoplankton community composition were accompanied by shifts in the composition of the bacterial assemblages. The most pronounced changes were observed for bacterial populations belonging to the phylum Bacteroidetes, principally members of the family Flavobacteri- aceae, indicating that flavobacteria could be particularly important in the processing of organic matter during algal blooms.
